Early-life lead exposure impairs neurodevelopment and later exposure affects the cardiovascular system. Lead has been associated with reduced global 5-methylcytosine DNA methylation, suggesting that lead toxicity acts through epigenetic mechanisms. The objective of this study is to clarify how early-life lead exposure alters DNA methylation of specific genes, using an epigenomic approach. We measured lead concentrations in urine [gestational week (GW), 8] and erythrocytes (GW 14), using inductively coupled plasma mass spectrometry, for 127 pregnant mothers recruited in the MINIMat food and supplementation cohort in rural Bangladesh. Cord blood DNA methylation was analyzed with the Infinium HumanMethylation450K BeadChip, and top sites were validated by methylation-sensitive high-resolution melt curve analysis. Maternal urinary lead concentrations (divided into quartiles) showed significant (after adjustment for false discovery rate) inverse associations with methylation at nine CpGs. Three of these sites were in the 5 0 -end, including the promoter, of glycoprotein IV (GP6); cg18355337 (q ¼ 0.029, b ¼ À0.30), cg25818583 (q ¼ 0.041, b ¼ À0.18), and cg23796967 (q ¼ 0.047, b ¼ À0.17). The methylation in another CpG site in GP6 was close to significant (cg05374025,
Introduction
Lead, one of the environmental chemicals most toxic to developing children, readily passes the placenta and reaches the fetus [1] , and primarily impairs neurodevelopment of the offspring [2] [3] [4] [5] . In fact, recent risk assessments showed that lead toxicity appears to have no exposure threshold [4, [6] [7] [8] .
Although oxidative stress and interaction with essential elements like calcium and zinc are often considered to be the primary mechanisms of lead toxicity [9, 10] , recent research has suggested other mechanisms. Interference with regulation of gene expression through alteration of 5-cytosine DNA methylation may have particular importance for lead's long-lasting effects [11, 12] . The few studies that address epigenetic effects of lead have mainly focused on methylation in retrotransposons (Alu and LINE1 families), which compose a large part of the human genome ($25%) and function as a proxy for global methylation. Wright et al. [13] reported an inverse association between methylation of LINE1, but not Alu, and lead concentrations in patella, but not in tibia or blood (4.1 6 2.4 mg/dl) in 517 elderly men from the USA. Also, post-partum lead concentrations in the patella of selected Mexican women were inversely associated with DNA methylation of LINE1 in cord blood of 103 newborns, and lead in tibia was inversely associated with methylation of Alu [14] . No associations with cord blood lead (6.6 6 2.7 mg/dl) were observed. Li et al. [15] found that the methylation of LINE1 was lower in exposed workers from a battery plant (blood lead concentrations 21.2 6 6.3 mg/dl) compared with controls (3.7 6 1.8 mg/dl). They also exposed kidney cells to lead and found that methylation of LINE1 was inversely associated with lead exposure. Thus, lead appears to modify repetitive DNA sequences by hypomethylation. The aim of this study was to clarify how lead exposure early in life alters DNA methylation of specific genes, based on an epigenome-wide approach.
Results
Descriptive data are listed in Table 1 . The median body mass index was 20 kg/m 2 and 30% of the women had body mass index < 18.5 kg/m 2 . We had data on urinary lead concentrations for 125 individuals and data on erythrocyte lead concentrations for 117 individuals. The maternal concentrations of lead varied 20-fold in urine (ranging from 0.81 to 17 mg/l, adjusted for specific gravity) and 10-fold in erythrocytes (ranging from 26 to 300 mg/kg erythrocytes) and both showed skew distributions. The concentrations of lead in erythrocytes and urine of the studied women did not differ from the concentrations among all women in the sub-cohort of 500 women that had measurements on lead concentrations (P ¼ 0.32 and 0.78, respectively) [16] . The correlation between lead concentrations in erythrocytes and urine was r ¼ 0.44 (P < 0.001).
Differentially Methylated Positions Associated with Lead
Maternal lead in urine (divided into quartiles) was significantly [after adjustments for false discovery rate (FDR)] associated with the methylation status of nine CpGs, and for all these CpGs, increasing lead in urine was associated with decreasing methylation of DNA obtained from cord blood samples at delivery ( Table 2) . Three of these sites are located in the 5 0 -end of the glycoprotein IV gene (GP6) on chromosome 19: cg18355337
and cg23796967 (q ¼ 0.041, b ¼ À0.18). In addition, lead in urine was near-significantly associated with an additional CpG site in GP6 (cg05374025, q ¼ 0.057, b ¼ À0.23). These four CpG sites in GP6 are located close to each other either in the promoter (cg23796967) or the promoter-flanking region. The CpGs in GP6 were also associated with decreasing methylation with increasing lead in erythrocytes (divided into quartiles), although this had lower magnitude compared with lead in urine and was not statistically significant after adjustment for FDR: cg18355337
, and cg05374025 (unadjusted
Other CpGs that were significantly associated with urinary lead were situated in the secretin receptor (SCTR), olfactomedin 2 (OLFM2), complexin 1 (CPLX1), as well as three CpGs in intergenic regions for which the closest transcription start sites belonged to the genes prospero homeobox 1 (PROX1, 8306 basepairs 5 0 of the CpG), transmembrane protein 173 (TMEM173, 35 240 basepairs 5 0 of the CpG), and potassium channel, voltagegated modifier subfamily F, member 1 (KCNF1, 52 332 basepairs 3 0 of the CpG).
Maternal lead in erythrocytes was significantly (after FDRadjustments) associated with the methylation status of two CpGs (Table 3) : one CpG in fragile histidine triad (FHIT) on chromosome 3 (q ¼ 0.001, b ¼ À0.10) and one CpG in an intergenic region of chromosome 22, where the closest transcription start site (2898 basepairs 5 0 of the CpG) belonged to the gene Shisa
None of the top genes (Tables 2 and 3) were significantly associated with concentrations of arsenic in urine or cadmium in blood. We observed no differences between boys and girls in direction and magnitude of the effect of lead in urine or erythrocytes on GP6 methylation. Further, we found no differences in lead-related GP6 methylation between individuals who did or did not chew betel nuts (data not shown). We also conducted sensitivity analyses, where we adjusted for other environmental variables that could potentially influence DNA methylation (supplementation group, betel nut chewing, urinary arsenic, and urinary cadmium). These did not particularly change the results, and the top hits for GP6 were still statistically significant.
Differentially Methylated Regions Associated with Lead
For lead in urine, 1010 candidate differentially methylated regions (DMRs) were found (Table 4) , of which 861 were inversely associated with lead in urine (85%). For lead in erythrocytes, 626 candidate DMRs were found (Table 5) , of which 468 were inversely associated with lead in urine (74%). However, after performing FDR adjustments, none of the DMRs was statistically significantly associated with lead in urine or erythrocytes. For urinary lead, the top hits were four regions in chromosome 6
and one region in chromosome 19, the latter including eight CpG sites in GP6 (P ¼ 0.005, q ¼ 0.48), including all GP6 top hits in the differentially methylated position analysis (Fig. 2) . Some of the DMRs situated on chromosome 6 were in major histocompatibility complex genes, such as ring finger protein 39 (RNF39), psoriasis susceptibility 1 candidate 3 (PSORS1C3), and HLA complex group 4b (HCG4P6). Also for lead in erythrocytes, there was also one DMR of eight CpGs in GP6 (P ¼ 0.007, q ¼ 0.46), and several of the top hits were in major histocompatibility complex genes on chromosome 6, including major histocompatibility complex class I H, class II DQ beta I, and DP beta II (HLA-H, HLA-DQB1, HLA-DPB1), HLA complex group 4B (HCG4P6), and lymphocyte antigen 6 complex, locus G5C (LY6G5C).
Validation of GP6 Methylation in Relation to Lead
The sites in GP6 were validated by methylation-sensitive highresolution melting analyses (MS-HRM) in a subset of the samples (n ¼ 80, based on DNA availability) that had been analyzed by Illumina 450 K. The MS-HRM assay covered three sites in 
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Urinary lead in quartiles Erythrocyte lead in quartiles Figure 1 . concentrations of lead in urine and in erythrocytes (both divided into quartiles) is inversely associated with cord blood methylation (showed as Beta-values) of the CpG site cg18355337 in GP6 GP6: cg02462353, cg25818583, and cg20651389, all of which were present in the eight-CpG-long DMR of GP6. The MS-HRM analysis showed a significant, inverse correlation between maternal lead in urine or erythrocytes and the degree of DNA methylation (Spearman correlation, r S ¼ À0.37, P ¼ 0.0008 for lead in urine and r S ¼ À0.22, P ¼ 0.055 for lead in erythrocytes).
Discussion
In this study including rural Bangladeshi women with moderate lead exposure, increasing lead in urine in early gestation was associated with decreasing DNA methylation for a number of CpG sites in cord blood of the newborns. In particular, the gene GP6, which codes for glycoprotein VI (protein name GPVI), was identified as a target for lead exposure, which is a novel finding. Urinary lead was significantly associated with three CpGs in the 5 0 region of GP6 and eight CpG sites in GP6 constituted a DMR in relation to lead in urine. One of these CpGs was present within the promoter (cg23796967) [19] , and the others were situated in proximity to the promoter. This region also shows signs of active regulation of gene expression as judged by active histone marks ( Fig. 2 ), indicating that leadrelated DNA methylation in this region may affect the expression of GP6. GPVI is a transmembrane platelet collagen receptor which functions as a dimer and is an important component of platelet activation [20] . Dimerization and activation of GPVI occur in response to damage in a blood vessel, resulting in recruitment of collagen and thrombocytes, which give rise to a platelet plug and, at later stages, coagulation by fibrin [21, 22] . Moreover, GPVI has been linked to cardiovascular diseases. Several studies have reported elevated levels of GPVI protein in whole blood of patients with acute coronary syndrome, acute ischemic stroke, transient ischemic attack, or stroke, compared with patients without ischemic conditions [23] [24] [25] [26] . Platelets have no nucleus and derive from megakaryocytes in the bone marrow. We cannot tell whether the lead-related methylation of GP6 found in cord blood in this study also reflects the methylation status of GP6 in megakaryocytes in the bone marrow. However, GP6 expression in cord blood as well as during megakaryocyte differentiation has been shown to be dependent on demethylation of the GP6 promoter, where the demethylation correlated with increased mRNA levels [27] . Several studies have linked fatal and non-fatal cardiovascular events to exposure to lead; e.g. studies based on the NHANES II and III data showed strong associations between lead exposure and cardiovascular disease, coronary heart disease and stroke, and blood pressure [28] [29] [30] . NavasAcien et al. [31] concluded that the available data indicate a causal relationship between lead exposure and elevated blood pressure in adults. On the basis of the present results, we hypothesize that the lead-related lower methylation of GP6 in cord blood, and potentially in the bone marrow, very early in fetal development may result in increased levels of GPVI. When cardiovascular insult occurs later in life, for whatever reason, higher levels of GPVI might result in stronger platelet activation and increase the risk of cardiovascular problems. Thus, the epigenetic effect of lead early in life could substantially contribute to the overall adverse cardiovascular effects of lead poisoning later in life and could contribute to lead-induced hypertensive effects [32] , antifibrinolytic effects [33] , and the procoagulant activation of erythrocytes [34] . Interestingly, a recent study indicated that maternal postpartum bone lead concentrations were associated with increased blood pressure in their children at 10 years of age [35] .
We also identified associations between lead in urine or erythrocytes and CpGs in other genes, in particular in the HLA region on chromosome 6, responsible for regulation of the immune system. However, little is known about the immunotoxicity of lead, especially in the general population. Alterations of immunoglobulin levels (e.g. IgE, IgG, and IgA) in serum or saliva, as well as various effects on leukocyte and lymphocyte subtypes have been seen in lead-exposed workers, although several studies found no associations [36] . Furthermore, an earlier study on Japanese lead refinery workers indicated that lead exposure is associated with increased sensitivity to infections [37] . The potential effect of lead on the immune system is an interesting finding, and the immune response among lead-exposed children should be further characterized. Further, the CpG that showed the strongest association with lead in erythrocytes was situated in the fragile histidine triad gene (FHIT), a tumor suppressor gene located in a common fragile site that can be rearranged due to exposure to carcinogens. FHIT plays an important 
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UCSC Genes GP6 Figure 2 . the GP6 gene (derived from the UCSC genome browser) with illustrations of the promoter [19] (in green) and the DMR (in red) in relation to prenatal exposure to lead. The gene is transcribed in 3 0 -5 0 direction (from the right to the left) role in lung cancer development [38] . However, its role in leadrelated carcinogenesis is unknown. There were a larger number of statistically significant findings for lead measured in urine, measured very early in pregnancy (gestational week, GW, 8), compared with lead measured in erythrocytes, measured somewhat later in pregnancy (GW14). It is not clear if the timing of lead exposure influenced the effect of lead on DNA methylation. Lead in urine is considered a short-term marker, whereas lead in erythrocytes reflects approximately the last month of exposure [39] . Also, the erythrocyte lead concentrations might have been influenced by early plasma expansion in pregnancy. Another possibility is that the study included somewhat fewer individuals with data on lead in erythrocytes (N ¼ 117), compared to those with data on lead in urine (N ¼ 125), resulting in lower power for associations with erythrocyte lead.
The median concentration of lead in maternal erythrocytes was 94 lg/kg, corresponding to 4 lg/dl in whole blood, assuming 99% of blood lead in the erythrocytes, 41% hematocrit, and an erythrocyte density factor of 1.06 kg/l. These levels are similar to those observed in pregnant women in China and Mexico [40, 41] and higher than those measured in pregnant women in Canada and Germany [42, 43] .
One possible drawback of this study is that we were not able to separate cells from blood samples in the field. Therefore, we measured DNA methylation in mixed mononuclear cells from cord blood, i.e. cells that may have partly different methylation patterns. Thus, there is a possibility that a potential cell-specific effect of lead might blur associations between DNA methylation and prenatal lead exposure. However, we performed surrogate variable analysis to adjust for sources of noise such as variation in DNA methylation from different cell types. Importantly, the general lead-associated decreased methylation of specific genes identified here is in accordance with previous studies in newborns [44] and adults [45, 46] . We also conducted sensitivity analyses, in which we adjusted for environmental factors. However, other environmental factors for which we have no data, such as prenatal stress, may influence methylation status in newborns [47] .
In conclusion, lead exposure early in life was associated with decreased DNA methylation of GP6, a key component in platelet activation. Decreased methylation of this gene might be a mechanism for lead-related cardiovascular disease. The functional significance of alterations in gene expression and protein levels due to changes in methylation in GP6 is not known, and further studies are needed to clarify this.
Methods

Study Area and Design
This study was conducted in a non-industrialized, rural area called Matlab, located about 50 km southeast of Dhaka, Bangladesh, where moderate lead exposure (range of blood lead concentrations, calculated from erythrocyte lead concentrations, in early pregnancy was 1.4-11.5 mg/dl) has been documented [16] . Main lead sources were suggested to be food and drinking water, cooking pots, and tin roofs and walls, commonly used in the area. In Matlab, the International Centre for Diarrheal Disease Research, Bangladesh (icddr,b) operates a central hospital and four connected health care facilities, as well as a health and demographic surveillance system, which is updated monthly with information collected by community health research workers.
This study was nested in a large randomized food and micronutrient supplementation trial conducted during pregnancy [Maternal and Infant Nutrition Interventions in Matlab (MINIMat)] [48] . In total, 4436 pregnant women were found to be eligible (viable fetus, gestational age < 14 weeks, no severe illness, and consent for participation) and thereafter enrolled in the MINIMat trial from November 2001 to October 2002. The supplementation in the intervention trial consisted of food supplementation (starting in early-or mid-pregnancy) and one of three different micronutrient supplementations (provided daily from GW 14): (i) 30 mg iron and 400 mg folic acid; (ii) 60 mg iron and 400 mg folic acid; or (iii) a capsule with 15 micronutrients, including 30 mg iron and 400 mg folic acid [49] .
For this study, we selected a subset of 127 women who were enrolled in the MINIMat trial from October 2002 to October 2003, gave birth to a singleton child at the health care facilities during early day time, and had cord blood collected at delivery [50] . The main reasons for the low number of women in the present subset are a high frequency of home deliveries (>60 %) and that many deliveries at the health care facilities occurred in late afternoon or night, when the logistics did not allow for processing and transport of samples to the laboratory in Dhaka. When comparing these 127 women with all other women who were enrolled in the MINIMat trial from October 2002 to October 2003 and gave birth to a single child (n ¼ 1729), the subset of 127 women had slightly higher socioeconomic status and were more likely to be primiparous [51] . Of the 127 mother-child pairs, 125 had data on maternal lead concentrations in urine, and 117 had data on maternal lead concentrations in erythrocytes. The study was approved by the ethics committees at icddr,b (Dhaka, Bangladesh) and the Karolinska Institutet (Stockholm, Sweden). Consent was obtained from all participants, and participants were free to refrain from any part of the study at any time.
Analysis of Lead
Lead exposure during pregnancy was assessed based on concentrations in maternal urine collected at the time of detection of pregnancy by urine sticks, i.e. at about GW8, and in maternal erythrocytes collected at supplementation baseline, about GW14. Lead concentrations in urine and erythrocytes were measured by inductively coupled plasma mass spectrometry (Agilent 7500ce, Agilent Technologies, Japan), with the collision/ reaction cell system operating in standard mode (no gas), at the Karolinska Institutet, Stockholm. The sample preparation method and a detailed description of the inductively coupled plasma mass spectrometry analyses have been previously published [16, 52, 53] . All samples had detectable levels of lead. To compensate for variations in the dilution of urine, concentrations were adjusted to the mean specific gravity for mothers' urine (1.012) measured using a digital refractometer (EUROMEXRD712 clinical refractometer; EROMEX, Arnhem, Netherlands) [54] . Prenatal exposure to arsenic and cadmium (maternal sum of arsenic metabolite concentrations in urine and maternal cadmium concentrations in blood) were measured in GW8 as described previously [51, 55] .
Analysis of DNA Methylation
Umbilical cord blood (mixed arterial and venous blood) was collected at birth in heparin-coated sterile vials (Becton Dickinson, Stockholm, Sweden) at the health care facilities. Mononuclear cells were separated by Ficoll (Pharmacia-Upjohn/McNeill Laboratories, NJ) density gradient centrifugation. DNA was isolated using QIAamp DNA Blood Midi kit (Qiagen, catalog number 51185). The DNA quality was evaluated with a NanoDrop spectrophotometer (NanoDrop Products, Wilmington, DE) and Bioanalyzer 2100 (Agilent, Santa Clara, CA) and showed good quality (260/280 nm >1.80). One microgram of DNA was bisulfite treated with the EZ DNA Methylation kit (Zymo Research, catalog number D5002). The DNA samples were randomized for distribution in the analysis plates (96-well plates); thus, there were no differences in gender distributions or lead in urine and erythrocytes between the plates. For each sample, 200 ng of DNA was used for methylation assessment with the Infinium HumanMethylation 450 K BeadChip (lllumina, catalog number WG-314-1002). All beadchips were from the same batch. Image processing, background correction, quality control, filtering, and normalization (by the SWAN procedure) were performed in the R package minfi. The 450 k included a total of 485 512 sites before filtering. All samples performed well, since they all had at least > 98% of the CpGs with detection P value below 0.01. We removed CpGs for which more than 20% of the samples had a detection P value above 0.01 (N ¼ 1117). Furthermore, the following probes were removed: rs probes [probes that measure single-nucleotide polymorphisms (SNPs) but not probes containing SNPs] and CpH probes (representing nonCpG methylation) (N ¼ 3091), probes with in silico nonspecific binding (N ¼ 29 118) [56] , probes on the X and Y chromosomes (N ¼ 10 329), and probes with common SNPs (according to the function dropLociWithSnps in minfi; N ¼ 15 424). In total, 426 433 probes were left for further analysis.
To validate associations between lead and specific CpG sites, a subset (n ¼ 80; Supplementary Material and Table S1 ) of cord blood DNA samples with enough of DNA for validation was analyzed by MS-HRM analysis [57] . This subset did not differ in characteristics from the larger study group (Supplementary  Table S1 (primers from TAG Copenhagen A/S, Denmark). The primer hybridization temperature was estimated by OligoCalc (basic.northwestern.edu/biotools/oligocalc.html). Fully methylated and unmethylated control DNA samples were obtained from Zymo (Zymo Research, catalog number D5014) and Qiagen (EpiTect Control DNA, catalog number 59695), respectively. Bisulfite-treated cord blood DNA (3 ml) was mixed with primers (0.5 ml of each primer, 500 nM final concentration), LightCycler 480 High Resolution Melting Master Mix (5 ml) (Hoffmann-La Roche, catalog number 04909631001) and MgCl 2 (1.2 ml, 2.5 mM) and the polymerase chain reaction analysis was performed with a LightCycler 480 (Hoffmann-La Roche, Basel, Switzerland). A standard curve was included with control DNA methylated to different extents (100, 10, 1, 0.1, and 0%). The polymerase chain reaction amplifications were run at 52 C for 50 cycles and then at 90 C to denature the products.
Statistical Analysis
After filtering, 426 433 probes were left for further analyses. Principal component analysis (PCA) was performed to evaluate the influence of technical and biological variables on DNA methylation and thus should be considered as covariates in the models. For the PCA, we employed the universally applicable singular value decomposition. The PCA was first performed on DNA methylation values expressed as raw normalized M values, and it showed that the M values were associated with analysis plate in the first and second principal components (PCs) ( Supplementary Fig. S1 , upper panel). These PCs explained 20% of the variance. The data were then adjusted for analysis plate via ComBat adjustment [58] . Second, we performed a new PCA on the ComBat-adjusted M values, where most of the variation due to methylation plate was removed ( Supplementary Fig. S1 , lower panel). There were no other variables identified with a major impact on DNA methylation based on inspections of the plots showing associations with the PCs (Supplementary Fig. S1 , lower panel). ComBat-adjusted M values were then used for downstream analyses. Cord blood contains different types of cells, and cell composition could impact the DNA methylation. The method by Houseman et al. [59] , which often is used for estimating cell composition, is based on adult white blood cells as a reference. We instead performed surrogate variable analysis using the "sva" package to remove unwanted variation, such as variation in cell composition, by making surrogate variables that were used in subsequent analyses to adjust for unknown, unmodeled, or latent sources of noise [60] . The sva is closely related to the reference-free EWAS method by Houseman et al. [61] .
In the downstream analyses, individuals were grouped into quartiles according to their concentrations of lead in urine or lead in erythrocytes, due to skewed distributions of raw data (also when lead concentrations were natural log transformed) as evident from inspection of histograms. The quartiles for urinary lead and erythrocyte lead, respectively, were used as continuous variables (labelled 1-4). Differentially methylated positions were evaluated by fitting a robust linear regression model to each CpG using the R package limma with adjustment for the surrogate variable obtained from sva. Empirical Bayes smoothing was applied to the standard errors. P values were adjusted for multiple comparisons by the BenjaminiHochberg FDR method [62] to obtain q-values. A q-value of 0.05 or lower was considered statistically significant. Because we have previously shown that this study population is exposed to arsenic and cadmium [63, 64] and arsenic and cadmium exposure has been associated with DNA methylation [51, 55] , we also evaluated whether the top genes were associated with maternal arsenic concentrations in urine (natural log transformed, measured in GW 8) or cadmium concentration in blood (natural log transformed, measured in GW14) (adjusting for surrogate variables obtained). Urine and blood samples were collected prior to food and micronutrient supplementation; the cord blood samples for analysis of DNA methylation were collected at delivery (thus after the supplementation started). We have data on supplementation in a variable called "supplementation group," including six different groups, which combines data on supplementation of food [two groups: (i) early invitation at GW 9 or (ii) usual invitation at $GW20] and micronutrient supplements (two groups with different combinations of iron and folic acid, and one group with iron, folic acid, and 13 additional micronutrients) [48] . We evaluated the data stratified for sex or betel nut chewing (yes/no). Finally, we also conducted sensitivity analyses, where we adjusted for other environmental variables that could potentially influence DNA methylation. Variables included in the analyses were arsenic concentrations in urine (natural log transformed, measured in GW 8), cadmium concentration in blood (natural log transformed, measured in GW14), betel nut chewing (yes/no), as well as supplementation group.
DMRs were evaluated using bumphunter, which also estimated potential unmeasured confounders via sva [18] , in the R package minfi. The maximum gap between the CpGs was set to 300 basepairs. The smoothing function was employed and 1000 iterations were performed.
All statistical analyses were performed using R (v.3.1.3).
